The role of phosphorylation and the minor core protein V in adenovirus type 2 assembly was examined. Comparison of the phosphoprotcin composition of top components (TC), young virions and mature virions of wild-type and assembly mutants showed specific changcs related to virus assembly and maturation. TC were identified as precursors of young virions which contain two molccular weight forms of core protein V, one of which is phosphorylatcd. Conversion of TC into young virions by DNA encapsidation resulted in the loss of the unphosphorylated form of protein V, and subsequent maturation to old virions resulted in thc dephosphorylation of the core protein. This last step is blocked by the tsl mutation which inactivates the viral endoproteinase.
The mature icosahedral capsid of the adenovirion is composed of nine major proteins (II, III, Ilia, IV, V, VI, VII, VIII, IX), five minor ones (IVa2, 55K, X, XI, XII), two tightly associated enzymes (kinase, endoproteinase), and a linear double-stranded DNA molecule. During the late phase of infection, pulse-labelling experiments suggest that many of these proteins are first assembled into empty shell precursor particles called top components (TC) due to their light density in equilibrium gradients (Ishibashi & Maizel, 1974; Rosenwirth et al., 1974) . Such particles contain proteins II, III, Ilia, IV, V, PVI, PVIII, IX and very little DNA (Edvardsson et al., 1976; Khittoo & Weber, 1977 , 1981 Persson et al., 1979) . In addition to evidence from pulse-chase experiments, the following suggest that TC are precursors to complete virions: (i) several temperature-sensitive (ts) mutants (2ts4, 2ts112, 2tsl01, 5ts58) accumulate TC; (ii) TC contain precursor proteins (PVI, PVIII); (iii) the TC accumulated by some mutants can be chased into complete virions (Chee-Sheung & Ginsberg, 1982; D'Halluin et al., 1978) . DNA encapsidation yields 'young virions' which are distinguished from mature virions by the presence of several precursor proteins in the particle. At this stage, due to a defect in the viral endoproteinase, 2tsl is blocked (Weber, 1976; Yeh-Kai et al., 1983; Hannan et al., 1983) . Although protein V is a core protein, almost nothing is known about its role in virus assembly . Similarly, apart from the identification of the viral proteins which are phosphorylated, nothing is known about the role, if any, of phosphorylation during assembly (Axelrod, 1978; Russell & Blair, 1977) . In the present paper we examine the role of phosphorylation and the minor core protein V in adenovirus type 2 (Ad2) assembly.
Does the phosphoprotein composition of virions change during maturation ? As shown in Fig.  1 , the principal phosphoproteins were Ilia, V and 40K. Protein IVa2 was detectable as a Coomassie Brilliant Blue-stained band in both TC and virions, but only the virion species appeared to be phosphorylated. It is possible that the TC band represents the scaffolding protein reported previously (Persson et al., 1979) , and that PIVa2, being also a core protein , enters the virus with the DNA. Protein V presented the greatest variability of phosphorylation. It was highly phosphorylated in tsl-TC, to a significantly lesser extent in other TC, and virtually not at all in virions, except in tsl-39 °C particles (Fig. 1 b) . Assuming that the bands in the protein V position are the same protein in TC as in virions, and assuming that TC Short communication
Fig. 2. Phosphorylation and virion assembly. Ad2-infected cells were labelled at 20 h post-infection with 32p for 0.5, 1 and 2 h, and immediately frozen (a, b, c,f g, h) . Some cultures were labelled for 2 h and chased without isotope for 21 h (d, i) . Complete virions (V) and top components (TC) were purified as described previously (Weber, 1976) . After extensive dialysis the particles were subjected to SDSpolyacrylamide gel electrophoresis. (e) [3 s S]Methionine_labelled wild-type V marker; (j) DNA purified from TC.
are precursors of virions, the loss of phosphate in virion-V could be due to dephosphorylation or exchange of the phosphorylated TC-V with the non-phosphorylated virion-V species during maturation. This apparently fails to occur in tsl-39 °C virions, which are known to be blocked at the young virion stage of maturation (Weber, 1976) . These results suggest that phosphate cycles on and off for specific viral proteins during the late stages of maturation of the particles. To determine which proteins were phosphorylated or dephosphorylated at what stage during virus assembly, we examined the incorporation of 32p into TC, young virions and complete virions (V). Wild-type-infected cells at 39 °C were pulse-labelled at 18 h post-infection for 0-5 h, 1 h and 2 h, and viruses were purified by two cycles of CsC1 centrifugation. Some cultures were labelled for 2 h then chased for 21 h before virus purification. As shown in Fig. 2, 32p was incorporated much more rapidly into TC than viruses. This was consistent with the notion that TC are precursors to viruses. It appeared to take about 2 h for TC to mature into young virions (not shown). Therefore, proteins IIIa, V and PVI were phosphorylated during incorporation into TC. Protein V was extensively dephosphorylated as the virus matured, a step in which tsl is blocked. Therefore, cleavage of the precursor proteins and dephosphorylation of V are linked events and both require a functional endoproteinase, the tsl gene function. Protein IVa2 appeared only in mature virions (Fig. 2d) . Protein PVI was extensively phosphorylated in TC Fig. 3 . Partial digestion peptide maps of 48K to 50K proteins from adenovirions. CsC1 gradientpurified virions and top components were disrupted, labelled with t25I using chloramine T, and the proteins separated by SDS-polyacrylamide gel electrophoresis. The gel was dried, exposed, and the bands in the 48K to 50K region of the gel were cut out, the SDS removed and the gel slices briefly digested with S. aureus V8 protease (50 units/ml, 1 h, 37 °C). The partial digest was separated by twodimensional electrophoresis according to the method of O'Farrell et al. (1977) . ( ( Fig. 2 h) , became dephosphorylated in old TC (Fig. 2 i) , and was cleaved to VI in mature virions. The dispersed label in the VII position in TC (Fig. 2 h,/) was difficult to interpret as TC normally contain little or no VII or PVII. That this was not due to phosphoprotein but was likely to be DNA was shown by the following: (i) extensive DNase I digestion eliminated labelling at the VII position without affecting the protein bands; (ii) purified DNA from TC contained similarsized molecules (Fig. 2j) ; (iii) tsl-TC contained no PVII but did exhibit radioactivity in that region of the gel (compare tracks c in Fig. 1) .
Under optimal conditions three proteins migrating slightly differently can be detected on SDS-polyacrylamide gels of TC and virions in the V region . As we have shown differences in phosphorylation in this region of the gel, we needed to determine whether we were dealing with one or more proteins. The proteins were cut out from the gels, partially digested with Staphylococcus aureus V8 protease and the peptides separated according to the method of O'Farrell et al. (1977) . Fig. 3 shows that the peptide maps of these proteins were identical and clearly different from protein IVa2. Therefore, the small differences in apparent molecular weight must be due to post-synthetic modifications of a unique amino acid sequence comprising protein V.
The mode of adenovirus assembly has not yet been established conclusively. The best interpretation of a variety of data, including those in Fig. 2 , suggests that an empty capsid (TC) is assembled first. Assembly seems to require at least 2 h. Such empty particles or TC contain phosphoproteins Ilia, V and PVI. Additionally, they also contain 40K and 5K species which may be nucleic acids. Although protein V is basic and forms part of the core of the virion, it becomes incorporated into TC prior to DNA encapsidation. At this time, two forms of V which migrate close together on gels can be distinguished, with the higher molecular weight form being phosphorylated. Label disappears from protein V concomitant with DNA encapsidation and the wild-type virions contain an essentially dephosphorylated form of V. We do not know whether this is due to protein exchange or dephosphorylation in situ. Attempts to look for a phosphatase activity associated with virions were unsuccessful. The presence of the phosphorylated form of protein V in tsl virions produced at both temperatures shows that dephosphorylation is not essential for DNA encapsidation nor infectivity. Virion tsl carries a mutation in the adenovirus endoproteinase (Yeh-Kai et al., 1983) and is defective for the maturation cleavage of several precursor proteins (Weber, 1976; Tremblay et al., 1983) . The failure to dephosphorylate protein V is a newly identified phenotypic consequence of the tsl mutation. This relationship between the tsl gene and protein V is unlikely to be fortuitous because some revertants of tsl showed changes in protein V (J. M. Weber & G. Khittoo, unpublished observations) . Neither 50K nor V appear to be cleaved by the viral endoproteinase in vitro . This, however, does not rule out the possibility of cleavage in vivo, such that a small phosphopeptide near to one end of the protein is removed. This hypothesis remains to be tested.
